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Migratory Activity and Functional Changes of
Green Fluorescent Effector Cells before and
during Experimental Autoimmune Encephalomyelitis
nario emerged from studies of experimental autoim-
mune encephalomyelitis (EAE) and was later extended
to other organ-specific autoimmune diseases (Andre´ et
al., 1996).
It is known from adoptive transfer models of EAE
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(tEAE), that the disease course mediated by myelin-1Max-Planck-Institute of Neurobiology
specific T lymphocytes is highly predictable. In the LewisDepartment of Neuroimmunology
rat, tEAE is typically monophasic and self-limited (Ben-82152 Martinsried
Nun et al., 1981). Most importantly, irrespective of the2 Institute of Medical Immunology
number of cells injected, clinical and histologicalCharite´
changes do not develop in the CNS immediately uponHumboldt-University
cell transfer but only after a latency period of at least 310098 Berlin
days (Wekerle et al., 1994).3 Institute of Molecular Immunology
The homing behavior and the functional state of theGSF-Forschungszentrum fu¨r Umwelt und Gesundheit
transferred encephalitogenic T cells during this preclini-81377 Munich
cal phase are completely unknown, as are the cellular4 Adolf-Butenandt Institute
and molecular mechanisms which selectively guide acti-Ludwig-Maximilians-University Munich
vated encephalitogenic T cells into the CNS. It is wellDepartment of Biochemistry
known that T cell infiltration into the brain follows a80336 Munich
biphasic course. Low numbers of T cells infiltrate intoGermany
the CNS within hours of peripheral transfer (Hickey et al.,5 Brain Research Institute
1991; Wekerle et al., 1986). According to the prevailingUniversity of Vienna
hypothesis, these early immigrants cross the BBB and1090 Vienna
encounter their antigen presented by local antigen-pre-Austria
senting cells. This interaction then initiates a priming
process, which, after a period of about 3 days, sets the
stage for the second wave of T cell infiltration, markingSummary
the onset of manifest clinical disease (Hickey et al., 1991;
Wekerle et al., 1986).Homing behavior and function of autoimmune CD41 T
To characterize the fate of encephalitogenic effectorcells in vivo was analyzed before and during EAE, using
T cells between transfer and the onset of EAE, we usedMBP-specific T cells retrovirally engineered to express
a retroviral gene transfer technique that allows the stablethe gene of green fluorescent protein. The cells mi-
expression of the green fluorescent protein (GFP) ingrate from parathymic lymph nodes to blood and to
functionally intact antigen-specific T cells (Flu¨gel et al.,the spleen. Preceding disease onset, large numbers
1999). GFP-transduced myelin basic protein (MBP)-spe-
of effector cells invade the CNS, with only negligible
cific T cells (TMBP-GFP cells) induced typical monophasicnumbers left in the periphery. In early EAE, most
tEAE and can readily be identified and analyzed in vivo
(.90%) infiltrating CD41 cells were effector cells. Mi- and reisolated ex vivo (Flu¨gel et al., 1999). We show that
gratory effector cells downregulate activation markers TMBP-GFP cells follow a precisely timed migration program(CD25, OX-40) but upregulate several chemokine re- pattern through blood and peripheral lymphoid tissues
ceptors and adsorb MHC class II on their membranes. before they enter the CNS. Most important, we show
Within the CNS, the effector cells are reactivated, with that, on their way to the CNS, the effector cells undergo
upregulated proinflammatory cytokines and down- radical functional changes in peripheral immune organs
modulated T cell receptor-associated structures, pre- before entering the CNS. At the time of the injection,
sumably reflecting autoantigen recognition in situ. the T cells are maximally activated. In the latency period
preceding clinical EAE, the migratory T cells acquire
Introduction a new phenotype, characterized by downregulation of
activation markers, upregulation of a set of chemokine
Autoimmune inflammatory diseases of the CNS are initi- receptors, and increase of MHC class II molecules on
ated by brain-specific T lymphocytes derived from pro- their surface. Finally, upon arrival in the CNS, the effector
genitors, which are normal, innocuous components of T cells are reactivated following encounter of the au-
the immune system. Only upon activation by specific toantigen presented by local activated antigen-present-
antigen, superantigens, or by crossreacting microbial ing cells.
antigens do these encephalitogenic T cells invade the
CNS via the endothelial blood-brain barrier (BBB) to Results
initiate disease (Hafler, 1999; Wekerle, 1993). This sce-
Migratory Pattern of Activated TMBP-GFP Cells
following I.P. Transfer6 Correspondence: hwekerle@neuro.mpg.de (H.W.), fluegel@neuro.
We traced the migratory pathways of TMBP-GFP cells fol-mpg.de (A.F.)
7 Present address: Department of Neurology, 90-153 Lodz, Poland. lowing intraperitoneal (i.p.) injection (5 3 106, unless
Immunity
548
Figure 1. Migratory Activity of TMBP-GFP and TOVA-GFP Cells
(A–F) Cytofluorometric analysis of TMBP-GFP and TOVA-GFP cell homing. TGFP blasts were transferred into recipient rats, and their homing in immune
organs, blood, and spinal cord was determined 12, 36, 60, 84, and 108 hr p.i. (A) Parathymic lymph nodes, (B) blood, (C) spleen, (D) spinal
cord, (E) inguinal lymph nodes, and (F) cervical lymph nodes (LNs). Absolute numbers of GFP1 cells/105 analyzed organ cells are shown. Dark-
blue triangles and blue dashed lines, MBP-specific cells; rose squares and lines, OVA-specific cells. The data demonstrate representative
results of more than three independent experiments.
(G–I) Quantification of ex vivo-isolated TGFP cells with quantitative PCR analysis. TOVA-GFP cells were transferred to healthy recipient rats. Immune
organs were prepared 72, 120, and 168 hr following T cell transfer and analyzed cytofluorometrically for the presence of GFP1 cells. In parallel,
the number of TGFP cells in the organs was determined using quantitative PCR. Genomic DNA from the organs was prepared, and the number
of GFP gene copies was determined. Using defined numbers of cultured TGFP cells as standards, the absolute numbers of TGFP cells in the
organs could be determined. Cytofluorometry and quantitative PCR analyses gave almost identical results of TGFP cell homing. Shown are the
numbers (in percentage of total organ cells) of GFP1 cells in (G) spleen (spleen), (H) blood (blood), and (I) cervical lymph nodes (cerv LNs)
obtained by cytofluorometry (FACS) or quantitative PCR (PCR). Blue squares, TOVA-GFP cell number determined by quantitative PCR; rose circles,
TOVA-GFP cell number determined by cytofluorometry.
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Figure 2. TMBP-GFP Cells In Vivo Change Their Membrane Phenotype
TMBP-GFP cells were transferred i.p. into recipient rats. CD4, abTCR, MHC class II, OX-40, and IL-2R (IL2R) expression of cultured TMBP-GFP cells
(culture) and TMBP-GFP cells, which had been isolated from blood (blood) or spleens (spleen) 36 hr (A) or 60 hr (B) following T cell transfer. Ex
vivo-derived T cells downregulate OX-40 antigen and IL-2R but upregulate MHC class II antigen. IgG, isotype control antibody.
otherwise stated) in naive syngeneic Lewis rats. The functional criteria indistinguishable from their nonengi-
neered autoreactive counterparts (Flu¨gel et al., 1999).transduced cells, which were freshly activated in vitro
by confrontation with MBP before transfer, were by all During the initial 12–36 hr post iniectionem (p.i.), sub-
Table 1. Surface Membrane Molecule Expression of Ex Vivo-Retrieved GFP-Transduced T Lymphocytes
CD4 abTCR IL2-R OX-40 MHC I MHC II CD44 CD28 LFA-1 LFA-2 ICAM-1 VLA-4a
36 Hours
Culture 11 1 11 1 11 ,50% 11 1 11 11 .50% 1
Blood 11 1 1 ,50% 11 .50% 11 1 11 11 .50% 1
Spleen 11 1 1 ,50% 11 .50% 11 1 11 11 .50% 1
Parathymic LNs 11 1 1 .50% 11 .50% 11 1 11 11 .50% 1
60 Hours
Culture 11 1 11 .50% 11 ,50% 11 1 11 11 .50% 1
Blood 11 1 .50% ,50% 11 .50% 11 1 11 11 .50% 1
Spleen 11 1 .50% ,50% 11 .50% 11 1 11 11 .50% 1
Parathymic LNs 11 1 1 .50% 11 .50% 11 1 11 11 .50% 1
GFP-transduced T lymphocytes taken from parallel culture or isolated from blood, spleen, and perithymic LNs 36 hr and 60 hr after transfer
into syngeneic animals. 11: 100% of the cells carry the respective marker, expression mean .10-fold compared to the negative control. 1:
100% of the cells carry the respective marker, means ,10-fold compared to negative control. .50%: more than 50% of the cells carry the
respective marker. ,50%: less than 50% carry the respective marker.
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Figure 3. Chemokine Receptor Expression
and Quantitative RNA Analyses of TMBP-GFP
Cells
(A) Chemokine receptor expression of cul-
tured TMBP-GFP compared to TMBP-GFP cells iso-
lated 84 hr following transfer from spleens.
Shown are overlay histograms of TMBP-GFP cells
in culture (blue filled histograms) and isolated
ex vivo (red open histograms). In vivo,
TMBP-GFP cells upregulate CCR-1, CCR-2b,
CCR3, CCR-5, CCR-7, and CXCR-4. IgG, goat
control IgG.
(B) Quantitative PCR from ex vivo-isolated
compared to cultured TMBP-GFP cells. At 84 hr
following transfer, TMBP-GFP cells were sorted
from spleens using FACS. CD3, IL-2R, CCR-1,
and MHC class II mRNA was quantified in
relation to the mRNA of the house-keeping
gene b-actin. In parallel, TMBP-GFP cells from 84
hr culture were analyzed. In accordance to
the FACS data, a comparable expression
level of CD3 and a clear downregulation of
IL-2R (CD25) mRNA expression was seen in
TMBP-GFP cells isolated ex vivo. Further, CCR-1
(CCR1) mRNA was strongly upregulated.
However, MHC class II mRNA (MHC II) regula-
tion did not reflect the protein results.
stantial numbers of TMBP-GFP cells were detected only in were GFP transduced but specific for ovalbumin (OVA)
(TOVA-GFP cells), shared the early migration pattern withparathymic lymph nodes (Figure 1A). By 60 hr, TMBP-GFP
cells appeared in blood and shortly later in the spleen the TMBP-GFP cells (Figure 1). However, as expected,
TOVA-GFP cells did not infiltrate the CNS, but, instead, sub-(Figures 1B and 1C). At this stage, only very few trans-
ferred cells were detected in peripheral lymph nodes. stantial numbers migrated into peripheral lymph nodes
(Figures 1D–1F).This was followed between 60–80 hr p.i. by a dramatic
migration of T cells into the CNS, accompanied by a To this point, the experiments relied on FACS demon-
stration of the GFP transgene as marker for transferrednearly complete depletion of transgenic T cells in the
spleen—two processes which were completed within effector cells. Transduced T cells with a silenced GFP
gene would, however, have escaped cytofluometric de-24 hr (Figure 1). In fact, 108 hr after transfer, TMBP-GFP
cells were barely demonstrable in any immune organ tection. To control for this complication, we used quanti-
tative PCR to determine the proportion of GFP-encoding(Figures 1A–1C, 1E, and 1F). Control T cells, which
Dynamics of Encephalitogenic CD41 T Cells In Vivo
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Figure 4. MHC Class II Protein in Vb8.21 T
Cells during Active EAE
Lewis rats were immunized with MBP. At the
beginning of clinical symptoms on day 12,
T cells were isolated from peripheral blood
(PBLs) or from the CNS of immunized and
nonimmunized animals. The cells were dou-
ble stained for abTCR (TCR) or abTCR sub-
type Vb8.2 (Vb8.2) combined with anti-MHC
class II (MHC II).
(A) Dot blots on the left show MHC class II
expression of abTCR1 (TCR) or Vb8.21
(Vb8.2) in nonimmunized (control) PBLs. The
right two dot blots show MHC class II expres-
sion of abTCR1 and Vb8.21 PBLs in MBP-
immunized animals (MBP-imm.). abTCR2
(TCR) or Vb8.22 cells were excluded from the
analysis. More MHC class II1 cells were de-
tected in the Vb8.21 T cell fraction of MBP-
immunized animals (21%) compared to non-
immunized animals (10%).
(B) The number of MHC class II1 T cells in
the CNS (red open curve) compared to MHC
class II1 T cells in the blood (blue closed
curve) was highly increased (left histogram).
This increase was more pronounced in the
Vb8.21 T cell fraction (right histogram). Red
open curve, Vb8.21 T cells in the CNS; blue
closed curve, Vb8.21 T cells in the blood.
DNA within the entire genomic DNA isolated from the preceded infiltration into the spleen and thus further
corroborated the cytofluorometric data (data not shown).different immune organs. The PCR data correlated di-
rectly with the cytofluorometric results (Figures 1G–1I).
Quantitative PCR yielded only slightly higher estimates Functional Changes of Postactivated Migratory
of TGFP cells than cytofluorometric analyses at early time T Cells preceding Onset of EAE
points, indicating that no significant silencing of the TMBP-GFP cells undergo radical phenotypic alterations
transgene occurred during the course of the experi- upon transfer into syngeneic hosts. The membrane phe-
ments. The small systematic difference in T cell numbers notype of TMBP-GFP cells isolated ex vivo from spleen,
may be simply due to a higher sensitivity of the PCR blood, and parathymic lymph nodes 36 hr and 60 hr
technique. after transfer was compared with that of TMBP-GFP cells
We finally used conventional fluorescence micros- kept in IL-2-driven culture for the same periods (Figures
copy to locate GFP-expressing T cells within spleen and 2 and 3; Table 1). As early as 36 hr p.i., there were drastic
lymphoid nodes. As in our previous experiments, the changes in membrane properties, involving loss and
number of TMBP-GFP cells in the spleen peaked by 3–4 gain of surface proteins. Two classical activation mark-
days following transfer and then abruptly fell on day 5, ers, the IL-2 receptor a chain (CD25), and OX-40 were
leaving very few demonstrable TMBP-GFP cells on day 7. substantially downregulated. At the same time, the cells
acquired surface-bound MHC class II antigens, whichTMBP-GFP cell infiltration into the parathymic lymph nodes
Immunity
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Figure 5. Homing Activity of TMBP-GFP Cells into the CNS
(A) TMBP-GFP cells in vivo acquire the ability to enter the CNS. TMBP-GFP cells were transferred to recipient rats. After 84 hr, the spleens and spinal
cords of the animals were prepared, and TMBP-GFP cells were isolated from the organs using FACS. The isolated TMBP-GFP cells were then
retransferred to animals which had received TMBP cells 84 hr before. In parallel, cultured TMBP-GFP cells were transferred to identically pretreated
animals. The spinal cords of the animals were analyzed after 4 hr for the presence of TMBP-GFP cells. Both ex vivo T cell fractions, splenic
TMBP-GFP cells (ex vivo s) and spinal cord-derived TMBP-GFP cells (ex vivo c), were found to infiltrate the spinal cord. Thereby, the capacity of
splenic TMBP-GFP cells was 3-fold higher compared to spinal cord-derived TMBP-GFP cells. TMBP-GFP cells from parallel cultures (ex vitro) did not share
this property of the ex vivo TMBP-GFP cells. Following injection into primed animals, only few of them infiltrated the spinal cord. Absolute numbers
of TMBP-GFP cells per gram spinal cord tissue are presented.
(B) TMBP-GFP cells infiltrating the CNS. EAE lesions in lumbosacral spinal cord 4 days following transfer of TMBP-GFP cells. Green, TMBP-GFP cells; red,
immunohistochemical staining with T cell marker W3/13, CD81 T cell marker OX-8, B cell marker OX-33, and monocyte/macrophage marker
ED1. Closed arrows, meningeal or perivascular location of the indicated cells; open arrows, parenchymal location of the indicated cells.
Magnification bars: 10 mm.
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in vitro is restricted to acutely activated T cell blasts and Mass Immigration and Reactivation of Postactivated
Migratory T Cells in the CNS Parenchymawhich are lost soon after antigen-dependent activation
(Reske et al., 1987). The membrane phenotype of the Massive immigration of TMBP-GFP cells into the CNS oc-
curred 72 hr p.i., coinciding with the onset of clinicalmigrant T cells remained stable over the next days in
vivo (Figures 2A and 2B). EAE (Figure 1D). Some of the immigrant TMBP-GFP cells
settled in the meninges and perivascular space, butFurthermore, as revealed by FACS and quantitative
PCR analyses, the chemokine receptors CCR-1, CCR- most migrated into the CNS parenchyma (Figure 5B).
Notably, in early stages of EAE, TMBP-GFP cells constituted2b, CCR-3, CCR-5, and CXCR-4 were upregulated in
vivo (Figure 3A). Quantitative PCR analysis of TMBP-GFP the large majority of all infiltrating CD41 T cells (Figure
5B). Most CD81 T cells and OX-331 B lymphocyte cellscells from spleens at day 4 confirmed downregulation
of CD25 and upregulation of CCR1 at the mRNA level were confined to the meninges, while ED11 cells (reac-
tive microglia/macrophages) were found both in the me-(Figure 3B). Levels of MHC class II mRNA, however, were
not increased, despite the high density of membrane- ningeal spaces and the parenchyma (Figure 5B).
Cytofluorometric quantification of TMBP-GFP cells in thebound class II protein observed by FACS (Figure 3B).
early infiltrates (days 3–4 p.i.) confirmed that the TMBP-GFP
cells comprised up to 90% of all CD41 T lymphocytes.
Migratory MHC Class II1 T Cells Isolated During the following days, their contribution to the infil-
from Rats with Actively Induced EAE trate decreased rapidly and was less than 10% by day
These changes, resulting in the “migratory membrane 7 (Figure 5C).
phenotype” of TMBP-GFP cells, were also noted in TOVA-GFP We recovered TMBP-GFP cells from CNS infiltrates and
cells upon transfer in vivo (data not shown). But are compared their membrane properties with the migratory
these phenotypic changes an artifact inherent to T cell TMBP-GFP cells circulating in the periphery (blood and
line transfer, or are similar cells generated following ac- spleen). After a sojourn of about 24 hr in the CNS (84
tive induction of EAE? This is important, since long- hr p.i.), spinal cord infiltrating TMBP-GFP cells showed
term T cell lines from Lewis rats may alter their class II changes suggestive of fresh reactivation (Figure 6A).
expression behavior. We therefore induced active EAE Besides robust upregulation of activation markers OX-
in Lewis rats by immunization with MBP in complete 40 and IL2-receptor, the T cell receptor/CD3 complex
Freund’s adjuvant (CFA) and then looked for TCR1MHC was downmodulated in a substantial proportion of the
II1 PBL cells by FACS analysis. These cells are very TMBP-GFP cells. Similar changes in surface membrane mol-
rare in naive animals, but, immediately before onset of ecule expression were observed in restimulated cul-
clinical EAE, the Vb8.21 fraction, which contains the tured TMBP-GFP cells (Figure 6B). Quantitative PCR analysis
majority of the encephalitogenic CD41 T cells in the further documented marked upregulation of messenger
Lewis rat (Gold, 1994), showed a clear accumulation of RNA encoding IFNg, TNFa, IL-2, IL-2 receptor, CD3, IL-
MHC II1 cells (Figure 4A). Furthermore, the number of 10, and TGFb in TMBP-GFP cells isolated from the CNS
TCR1MHC II1 cells in the CNS at the beginning of ac- (Figure 7).
tively induced clinical EAE was massively enlarged, Importantly, T cell activation was restricted to MBP-
comprising the majority of all Vb8.21 T cells (Figure 4B). specific T cells. TOVA-GFP cells cotransferred with non-
transduced TMBP cells accumulated in high numbers in
the CNS. Like TMBP-GFP cells, the cotransferred TOVA-GFP
CNS Invasion by Postactivated Migratory T Cells cells infiltrated the perivascular and meningeal regions
The phenotypic changes of TMBP-GFP cells seen in the as well as the CNS parenchyma (data not shown). How-
periphery resulted in an enhanced potential to migrate ever, their surface molecule expression did not acquire
into the CNS. We performed retransfer experiments, in the activation pattern observed in TMBP-GFP cells (Figure
which TMBP-GFP cells were isolated by cytofluorometry 6C), neither did TOVA-GFP cells upregulate mRNA for cyto-
from spleens or CNS tissues 84 hr p.i. The isolated TMBP-GFP kines (Figure 7).
cells were then transferred intravenously (i.v.) to animals
which had been primed with nontransduced MBP-spe-
cific T cells 84 hr before. At that time, the rats were just Discussion
developing first clinical symptoms of EAE. The spinal
cords of the secondary recipients were screened by In this article, we explore the migratory pathways and
functional changes of encephalitogenic T lymphocytescytofluorometry for the presence of TMBP-GFP cells 4 hr
following retransfer (Figure 5A). Migratory TMBP-GFP cells before and after onset of tEAE. We describe a complex
migratory pattern leading from parathymic lymph nodesisolated ex vivo readily invaded the spinal cords. In con-
trast, postactivated TMBP-GFP cells cultured parallel in vitro to spleen and from there finally into the CNS target
tissues. We further report that, on their way to the CNS,for 84 hr infiltrated the CNS to a much lower degree
(Figure 5A). autoimmune T cells undergo profound functional changes.
(C) Relative numbers of TMBP-GFP cells infiltrating the CNS in the course of tEAE. TMBP-GFP cells were transferred to healthy syngeneic recipient
rats, and the spinal cords were analyzed for the presence of TMBP-GFP cells at days 3, 5, and 7 following T cell transfer. The infiltrating immune
cells were stained with anti-CD4 antibody, and the percentage of GFP1 T cells in the CD4 T cell fraction was determined. At day 3 (d3), the
vast majority (92%) of CD41 T cells were GFP1. The number of TMBP-GFP cells continuously decreased to 38% at day 5 (d5) and 6% at day 7
(d7) post T cell transfer. Shown are representative data of more than ten independent experiments.
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Figure 6. Reactivation of TMBP-GFP Cells after Infiltrating the CNS
(A) At 84 hr following transfer of T cells, the spinal cords and spleens of recipient rats were prepared, and TMBP-GFP cells were analyzed
cytofluorometrically for the expression of the surface membrane molecules CD4 (CD4), abTCR (TcR), CD3 (CD3), OX-40 antigen (OX-40), and
IL-2 receptor (IL2-R). As control, the cells were stained with isotype control antibody (IgG). Shown are overlay histograms gated for TMBP-GFP
cells in spleens (blue closed histograms) and spinal cords (red open histograms). Spinal cord-derived TMBP-GFP cells partially downmodulated
abTCR and CD3 but upregulated OX-40 antigen and IL-2 receptor. Identical changes could be observed in cultured TMBP-GFP cells following
Dynamics of Encephalitogenic CD41 T Cells In Vivo
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Promptly after injection, the freshly stimulated T cells tures, including considerable amounts of MHC class II
proteins on their surface. The discrepancy between lowdownregulate their activation markers and instead pro-
duce new surface proteins, which may be required for mRNA levels as determined by quantitative PCR and
the strong surface staining for MHC class II moleculesmigration through blood vasculature, lymphoid tissues,
and the endothelial BBB. Once in the brain, myelin- suggests that class II molecules are taken up from other
cells rather than being produced by the T cells them-specific but no other T cells become reactivated, pre-
sumably following recognition of local autoantigen. selves (Reske et al., 1987; Seddon and Mason, 1996;
Reizis et al., 1994; Broeren et al., 1995). Uptake of MHCIn our present studies, we relied on the use of antigen-
selected, GFP-expressing rat T cell lines—an approach protein during antigen presentation has been described
recently in the mouse (Huang et al., 1999; Patel et al.,offering several advantages. GFP, a self-replenishing
fluorescent marker, allows identification and isolation 1999) and may involve binding of exosome released
from antigen-presenting or other stroma cells (Raposoof transferred effector cells in a real-time mode, while
it does not interfere with the T cells’ encephalitogenic et al., 1996; The´ry et al., 1999).
Effector T cells with membrane-bound class II proteinfunction (Flu¨gel et al., 1999). Transgene expression and
thus fluorescence intensity correlates with T cell activa- are by no means a feature limited to T cell-transferred
EAE. We found the same cell type in actively immunizedtion. Silencing of T cells with loss of GFP transgene
expression would be undistinguishable from cell loss. rats just before onset of EAE, and Fowell and Mason
described similar cells in a rat model of diabetes (FowellTo exclude this ambiguity, we analyzed T cell popula-
tions by quantitative PCR and determined the retroviral and Mason, 1993). It remains to be shown whether these
unusual products play a role in T cell migration andT cell transgene in genomic DNA from different organs.
PCR and FACS assays yielded concordant results. effector function (Arnold et al., 1997).
Downregulation of activation marker genes in vivoAbout 36 hr p.i., a wave of transferred T cells appeared
in the parathymic lymph nodes. These strategically lo- was paralleled by upregulation of a particular spectrum
of chemokines and chemokine receptors, as shown bycated lymph nodes, which drain the peritoneal cavity,
are known to be the first lymphoid organs to attract FACS analysis and quantitative PCR. Upregulation of
chemokine receptors was not only seen in TMBP-GFP cellsfreshly activated autoimmune T cells following passive
transfer or active immunization (Klinkert, 1987). Within during tEAE but was also found in Vb8.21 T cells follow-
ing induction of aEAE (data not shown). Most of thethe following 24 hr, large numbers of GFP-fluorescent
T cells entered blood and spleen but, remarkably, re- newly induced receptors were specific for a series of
chemokines known to be produced by CNS cells and/mained in these organs only for 24–48 hr. By 84 and
108 hr p.i., large numbers of MBP-specific T cells were or to have a role in EAE (MIP-1a, MCP-1, and RANTES
for example), along with others lacking such roles tofound in CNS infiltrates, while, at the same time, the
numbers of GFP-engineered T cells in blood and spleen current knowledge (Asensio and Campbell, 1999).
Upregulation of CCR-1, CCR-2, CCR-3, CCR-5, andfell back to background levels. This ephemeral pattern
of migration was specific for MBP-specific T cells. It CCR-7 was expected in so far as these receptors being
known markers of postactivated T cells. Their coexpres-was not seen with control T cells specific for non-self-
antigens, such as ovalbumin. Such cells colonized sion in one particular T cell population is, however, in
contrast to results obtained in other species, where atlymph nodes and spleen, like their MBP-specific coun-
terparts, but remained detectable there over extended least some of these chemokine receptors show mutually
exclusive expression patterns in Th1- and Th2-like cellsperiods, while they also settled into peripheral lymph
nodes. (Sallusto et al., 2000). Most intriguing was the induction
of CXCR-4, the receptor for SDF-1, and coreceptor forWhich could be the structures that control the migra-
tory pathways of the encephalitogenic T cells after trans- HIV-1, which is expressed in cells of various hemopoietic
and lymphoid lineages. In addition, CXCR-4 is ex-fer? Our present results do not answer this question,
but they reveal profound functional changes of the trans- pressed along with SDF-1 in neurons and glia cells of
the CNS (Miller and Meucci, 1999). It remains to beferred effector cells before they make their way to the
brain. Interestingly, myelin autoreactive T cells, which established whether responsiveness to SDF-1 is in-
volved in attracting the preactivated effector T cells tomust be fully activated in vitro to be encephalitogenic
(Wekerle et al., 1986; Hickey et al., 1991), lose most of the lymphoid tissues and thus has a role in directing the
peripheral migration pattern that precedes invasion oftheir activation markers once having been transferred
in vivo. This is the case with CD25, the IL-2 receptor a the CNS. Furthermore, it will be important to learn
whether SDF-1 (and other chemokines) produced in thechain, and with OX-40, a reliable activation marker in
rat CD4 T cells (Al-Shamkhani et al., 1996), which may CNS is involved in the migration of encephalitogenic
effector cells into the CNS.act as a costimulatory structure in antigen-dependent
T cell activation and migration (Lane, 2000). On the other We did not find significant changes in expression of
T cellular integrins such as VLA-4 (Table 1). This is sur-hand, the recirculating T cells acquire a number of struc-
restimulation with specific antigen (B). Shown are overlay histograms of resting cultured TMBP-GFP cells (dark-blue filled histograms) and
restimulated TMBP-GFP cells (red open histograms) following 12 hr exposure with MBP and irradiated antigen-presenting cells. TOVA-GFP cells,
which were recruited to the spinal cord during TMBP cell-induced tEAE, did not show these activation pattern of their surface molecules (C).
Demonstrated are overlay histograms of splenic TOVA-GFP cells (yellow filled histograms) and spinal cord-derived TOVA-GFP cells (red open histograms)
84 hr following cotransfer of TMBP cells and TOVA-GFP cells.
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Figure 7. Quantitative RNA Analyses of Brain-Infiltrating TMBP-GFP and TOVA-GFP Cells
TMBP-GFP but not TOVA-GFP cells upregulate cytokine, CD3, and IL-2R mRNA after entry into the CNS; 84 hr following transfer into recipient animals,
TMBP-GFP cells were sorted from spleens (Mspl) and spinal cords (Mcns). The mRNA of ex vivo TMBP-GFP cells (blue bars, left histograms) was
prepared and quantitatively analyzed for the expression of IFNg (IFNg), TNFa (TNFa), IL-2 (IL2), TGFb1 (TGFb1), or the surface membrane
molecules IL-2 receptor (CD25) and CD3 (CD3). TMBP-GFP cells in the spinal cord compared to splenic TMBP-GFP cells clearly upregulated the
expression of IFNg, TNFa, IL-2, IL-2 receptor (CD25), and CD3. In contrast, TOVA-GFP cells coinjected with TMBP cells and isolated from spleens
(Ospl) and spinal cords (Ocns) 84 hr following transfer did not show this activation pattern (orange bars, right histograms). Shown are specific
copies of mRNA in relation to the house-keeping b-actin mRNA. Ex vivo TGFP cells were obtained from three individuals and measured in two
independent quantitative PCR reactions.
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prising, since VLA-4 is involved in the induction of EAE associated with their potential to recirculate and to
(Baron et al., 1993;Yednock et al., 1992). Indeed, using home to immune organs. Within the spleen, the trans-
neutralizing anti-VLA-4 antibodies, we confirmed their ferred T cells accumulate over the first few days, irre-
therapeutic effect. This effect, however, was most likely spective of their antigen specificity (ovalbumin or MBP),
not mediated by a pure migration block of TMBP-GFP cells hence, presumably independent of local antigen presen-
through the cerebral vessels, since we found a dramatic tation. In the case of ovalbumin-specific T cells, this
loss of the green effector cells in the periphery after phase is followed by gradual decline of effector cell
antibody application (A.F. et al., unpublished data). numbers and a limited dissemination of the T cells to
Highly predictably, on the third day p.i., the transferred peripheral lymph nodes. Small numbers of ovalbumin-
effector T cells left the peripheral immune organs to specific T cells persist over extensive periods in vivo,
infiltrate the CNS. During the first day of CNS invasion, apparently undisturbed by possible class I-restricted
more than 90% of all CD4 T cells were fluorescent (i.e., anti-GFP responses, with kinetics reminiscent of CD4 T
derived from the transferred effector cell population). cells activated in vivo (Kearney et al., 1994). Since in
This percentage declined over the following days to our system the cells are embedded in an immune-com-
levels below 10%. Previous investigations, relying on petent MHC-compatible host organism, it remains an
limiting dilution analyses, have estimated the frequen- open question whether their persistence requires inter-
cies of encephalitogenic effector T cells in the CNS to action between T cell receptor and MHC class II (Surh
range from 1% (Mor and Cohen, 1992) to less than 0.1% and Sprent, 2000).
(Fallis et al., 1987; Tabi et al., 1995). Higher rates were
MBP-specific T cells behave strikingly differently.
found in cytofluorometric or immunocytochemical stud-
They leave the spleen en masse to invade the CNS.ies based on T cell receptor (Vb) markers, which, how-
This migration seems to involve the entire effector cellever, did not distinguish between autoaggressive ef-
population, resulting in a practically complete depletionfector cells and nonspecific T cells recruited from the
of the effector cells from the immune organs. This migra-peripheral immune repertoire (Tsuchida et al., 1993). The
tion could be explained by active signals guiding theproportion of effector cells in CNS infiltrates declines
migratory effector T cells from spleen to CNS. Chemo-rapidly, mostly as a consequence of intensive apoptotic
kines produced by neural cells could be involved in thiscell death of CD4 T cells (Schmied et al., 1993; Tabi et
stage (Miller and Meucci, 1999). Our observation thatal., 1994), which is independent of antigen recognition
recirculating GFP-labeled, ovalbumin-specific T cells(Schmied et al., 1993; Tabi et al., 1994; Bauer et al., 1998).
readily enter a primed CNS but are excluded from aThe traditional view that a small minority of autoimmune
naive brain may support such a mechanism.effector cells attracts an overwhelming majority of pas-
Our results have implications for organ-specific T cell-sively recruited T cells into the CNS requires revision
mediated autoimmunity in general and for multiple scle-(Wekerle et al., 1986; Cross et al., 1991; Steinman, 1996).
rosis in particular. They reveal an unexpectedly dynamicAn important finding of our study is that MBP-specific
traffic of autoimmune T cells preceding onset of clinicaleffector cells are reactivated within the CNS paren-
disease, which culminates in mass immigration of thechyma. GFP-transduced T cells isolated from early CNS
T cells into the CNS, paralleled by their depletion ininfiltrates exhibit the typical markers of antigen recogni-
tion-dependent activation: reinduction of CD25 and OX- the peripheral immune organs. The migratory pathways,
40 (Weinberg et al., 1999) and partial downmodulation which guide encephalitogenic T lymphocytes from para-
of the T cell receptor complex (Lanzavecchia et al., thymic lymph nodes first to the spleen, then, from there
1999). The virtually synchronous activation of large num- to the CNS, seem to be controlled by intercellular sig-
bers of infiltrating autoimmune effector T cells in early nals, which now remain to be defined. For example, is
EAE lesions could have a direct pathogenic effect on the role of the spleen merely passive, or does the organ
local brain cells—a possibility which would not neces- actively attract recirculating T cells? Then, why does
sarily exclude additional macrophage-dependent mech- the mass invasion of the CNS by encephalitogenic T
anisms (Steinman, 1996; Berger et al., 1997). Indeed, cells occur as late as after 3 days p.i.? Are the key
local reactivation of infiltrating T cells seems to be corre- signals for this migratory pattern emanating from the
lated with pathogenic potential. In contrast to the highly CNS, as traditionally postulated (Wekerle et al., 1986;
encephalitogenic MBP-specific T cells, which are Hickey, 1991; Cross et al., 1991), or are some of these
strongly reactivated in situ, we noted that S-100b-spe-
generated in the peripheral immune organs? Under-
cific T cells, which produce large T cellular infiltrates
standing these events may imply novel approaches tobut disproportionately mild clinical effects (Kojima et al.,
treat CNS inflammatory diseases.1994), show marginal signs of in situ activation (A.F. et
Our ex vivo technology may be of help to identifyal., unpublished data).
structures on T cells and on cells of their surroundingOur present work has traced the dynamics of autoim-
milieus, which are specifically involved in the individualmune CD41 T cells following transfer to a naive recipient.
stages of unfolding autoimmune disease. Our presentThese processes are complex, presumably driven by
findings revealed a drastic stage-specific regulation offactors related to autoantigen recognition and by ho-
adhesion molecules, chemokines, and chemokine re-meostatic regulation of migration and proliferation as
ceptors. Like CCR2, which is included in our panel andwell (Goldrath and Bevan, 1999). In our experimental
whose functional importance has been recently verifiedsystem, T cell activation is triggered in vitro via presenta-
by knockout approaches (Izikson et al., 2000; Fife ettion of the autoantigen by professional antigen-present-
al., 2000), the newly found stage-specific markers maying cells. Following i.p. transfer, the activated T cells
undergo prompt and fundamental changes, which are provide novel targets for autoimmune therapies.
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Experimental Procedures class I) were bought from Serotec (Oxford, UK); R73 (constant region
of TCR-a/b), WT.1 (LFA-1, CD11a), JJ319 (CD28), OX-34 (LFA-2,
CD2), OX-49 (CD44), Mra4-1 (VLA-4a, CD49d), OX-40 (CD134, OX-Retroviral Gene Transfer into Antigen-Specific
Lymphocytes and tEAE Induction 40 antigen), and 1A29 (CD54, ICAM-1) were purchased from BD
Biosciences (Heidelberg, Germany). Polyclonal goat directedAntigen-specific T cell clones used in the study were specific for
guinea pig MBP and OVA. MBP was purified from Guinea pig brains against CCR-1, CCR-2b, CCR-3, CCR-4, CCR-5, CCR-7, CXCR-3,
CXCR-4, and goat control IgG were obtained from Santa Cruz Bio-as described (Eylar et al., 1974); hen egg ovalbumin was from Sigma,
Munich, Germany. Inbred Lewis rats were obtained from animal technology (Heidelberg, Germany). Specificity of the chemokine re-
ceptor CCR-1, CCR-3, CCR-7, and CXCR-4 staining was controlledbreeding facilities of the Max-Planck-Institute of Biochemistry (Mar-
tinsried, Germany) and used at 6–8 weeks of age. The animals were by preabsorption of the first antibody with blocking peptides. After
washing twice with FACS-PBS, the cells were incubated with RPE-kept under standardized conditions with constant temperature
(228C), controlled lighting, and free access to food and water. Cy-5-labeled secondary anti-mouse antibody (DAKO, Glostrup, Den-
mark) for 45 min at 48C and washed twice with PBS before analysis.The methods to isolate and engineer antigen-specific T cells have
been described in detail before (Flu¨gel et al., 1999). In brief, Lewis For sorting of TGFP cells, the organs isolated from the animals were
carefully dissected at 48C and immediately sorted at 48C in PBSrats were immunized by subcutaneous injection of 150 mg of the
respective antigen emulsified in CFA containing 4 mg/ml Mycobac- containing 0.2% glucose at 48C.
terium tuberculosis (Statens Seruminstitut, Copenhagen, Denmark).
Primary T lymphocytes isolated from the draining lymph nodes were Retransfer of TGFP Cells
transduced by cocultivation of the primed T lymphocytes with pack- TMBP-GFP cells (1 3 107/animal) were transferred i.p. into healthy recipi-
aging cells GP 1 E-86 (Markowitz et al., 1988) producing replication- ent rats. After 84 hr, spleens and spinal cords of the animals were
deficient GFP-retrovirus (GFP-GP 1 E-86 cells). As retrovirus, the isolated, lymphocytes were purified using OptiPrep gradient centrif-
MoMLV-derivative pLXSN was used (Miller and Rosman, 1989). The ugation (Nycomed-Pharma AS, Oslo, Norway), and TGFP-MBP cells were
GFP-retrovirus and retrovirus-producing packaging lines were es- sorted out of the organ preparations. TMBP-GFP splenic or CNS-derived
tablished as described (Miller and Rosman, 1989). EAE was induced cells (1 3 106) were transferred i.v. into recipient rats, which had
by i.p. injection of 5 to 10 3 106 freshly activated T lymphocytes. The received nontransduced TMBP cell blasts 84 hr before (primed ani-
animals were rated daily for neurological signs and weight change. mals). The spinal cords of the animals were isolated and analyzed
Clinical EAE was graded in five scores: 0.5, loss of tail tonus; 1, tail cytofluorometrically for the presence of TMBP-GFP cells 4 hr following
paralysis; 2, gait disturbance; 3, hind limb paralysis; 4, tetraparesis; transfer of TMBP-GFP cells. Alternatively, 1 3 106 TMBP-GFP cells, which
5, death. had been held for 84 hr in parallel in vitro cultures, were retransferred
to primed animals. Absolute numbers of TMBP-GFP cells in the organs
were determined by quantitative cytofluorometrical analysis as de-Immunohistochemistry and Confocal Laser Microscopy
scribed recently (Flu¨gel et al., 2000).For histological analysis of CNS tissue, animals under deep ether
narcosis were perfused with PBS/4% paraformaldehyde (PFA). After
preparation of the brain and spinal cord, postfixation of the CNS Quantitative Analysis of TMBP-GFP and TOVA-GFP Cells Using
tissue was performed in 4% PFA at 48C overnight, followed by Real-Time Polymerase Chain Reaction
cryoprotection in PBS containing 15% sucrose solution at 48C for For quantitative analysis of TGFP cells in vivo, blood, spleens, and
24 hr. The organs were frozen and cut into 20 mm sections. The cervical LNs were prepared after defined time intervals following
sections were mounted on gelatinized slides and dried for 30 min at peripheral T cell injection. PBL isolation and single-cell suspensions
room temperature. Following fixation for 30 min at room temperature of the immune organs were performed as described above. The
with 4% PFA, the sections were incubated with the monoclonal number of GFP cells relative to the number of organ cells was
antibodies overnight at 48C. The antibodies were diluted in PBS determined cytofluorometrically. In parallel, we calculated their
containing 1% bovine serum albumin (BSA) in the following order: number by determining the copy number of GFP-DNA in the isolated
ED-1 (1:500), W3/13 (1:500), OX-8 (1:250), and OX-33 (1:200). The immune organs. Organ cells (5 3 106) were centrifuged (300 3 g,
sections were washed three times with PBS for 10 min. Binding 10 min at 48C), and the DNA was purified from the pellets using
of primary antibody was evaluated with a CY3-labeled anti-mouse Qiagen DNA extraction kit (Qiagen, Hilden, Germany) involving a
antiserum (Dianova, Hamburg, Germany) preabsorbed with serum RNase digestion step to obtain pure genomic DNA. Real-time quan-
from healthy Lewis rats 30 min before use. Visualization of GFP- titative PCR analysis using CYBER Green was performed with Ampli-
positive cells required no additional antibody staining but could Taq Gold on a ABI PRISM 7700 Sequence Detector (PE Applied
be analyzed following the postfixation step using a fluorescence Biosystems, Weiterstadt, Germany), using the following GFP-spe-
microscopy. Fluorescence analysis was performed with a confocal cific primers, antisense 59-gccacaagttcagcgtgtcc-39 and sense
laser-scanning microscope (Leica, Incorporated, Braunschweig, 59-tgatgccgttcttctgcttg-39. The GFP copy numbers from ex vivo-
Germany). isolated immune cells were put into relation to standard values
To analyze homing and distribution of TMBP-GFP cells in spleens and obtained by fixed concentrations of cultured TGFP cells in lymphocyte
parathymic lymph nodes (LNs), 24, 48, 72, 96, and 120 hr following solutions.
i.p. transfer of 5 3 106 TMBP-GFP cells, the animals were perfused with
4% PFA. Spleens and parathymic LNs were prepared as described Quantitative PCR Analysis of TGFP Cell-Produced
above. Sections (20 mm) of the organs were mounted on gelatinized Cytokine Production In Vitro and Ex Vivo
slides, postfixed with 4% PFA, and analyzed using fluorescence TMBP-GFP cells and TOVA-GFP cells were sorted ex vivo as described
microscopy (Axiophot-2; Zeiss, Go¨ttingen, Germany) equipped with above. The sorting reached over 95% purity. The pelleted cells
neurolucida 3-D analysis scanning software (Micro Brightfield, In- (300 3 g, 10 min, 48C) were immediately shock frozen in liquid
corporated, Colchester, USA). nitrogen. Total RNA was prepared from the cells and reverse tran-
scribed into cDNA as described elsewhere (Flu¨gel et al., 2000). The
cDNA was then analyzed for cytokine gene expression by real-timeCytofluorometry and Fluorescence-Activated Sorting
Cytofluorometric analysis and sorting was performed with Becton RT-PCR (ABI PRISM 7700 Sequence Detection System, PE Applied
Biosystems, Weiterstadt, Germany) using established specific cyto-Dickinson FACSort and FACStar with high-speed option (Becton
Dickinson, Heidelberg, Germany). The data were analyzed with Lysis kine primer sequences (H.-D. Volk and T.R., Institute of Medical
Immunology, Charite´, Humboldt-University, Berlin, Germany, un-II software (Becton Dickinson). After isolation of organ cells by care-
ful dissection of the respective tissues and separation with sieve published data). For quantification of cytokine mRNAs, the expres-
sion of a housekeeping gene (b-actin) was set into relation to thehomogenization, cells were stained with the primary antibodies for
1 hr at 48C in FACS-PBS containing 2% fetal calf serum and 0.01% cytokine mRNA. The analyzed mRNA was extracted from more than
0.5 3 106 ex vivo-sorted TMBP-GFP or TOVA-GFP cells, respectively, whichsodium azide in a dilution of 1/100. Monoclonal antibodies W3/13
(pan T cell/granulocyte), W3/25 (CD4), OX-6 (rat I-A), OX-8 (CD8), had been isolated pooled from organs of three animals. The values
were obtained by two independent measurements.OX-33 (CD45RA), OX-39 (CD25, IL-2 receptor), and OX-18 (MHC
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